Gel forming mucins are the largest complex glycoprotein macromolecules in the body. They form the matrix of gels protecting all the surface epithelia and are secreted as disulphide bonded polymeric structures. The mechanisms by which they are formed and organized within cells and thereafter released to form mucus gels are not understood. In particular, the initial rate of expansion of the mucins after release from their secretory granules is very rapid (seconds) but no clear mechanism for how it is achieved has emerged. Our major interest is in lung mucins but most particularly in MUC5B which is the major gel-forming mucin in mucus and which provides its major protective matrix. In this study, using OptiPrep density gradient ultracentrifugation, we have isolated a small amount of a stable form of the recently secreted and expanding MUC5B mucin which account for less than 2% of the total mucin present. It has an average mass of around 150 x 10 6 Da and size Rg of 150 nm in radius of gyration. In transmission electron microscopy (EM), this compact mucin has maintained a circular structure that is characterized by flexible chains connected around protein rich nodes as determined by their ability to bind colloidal gold. The appearance indicates that the assembled mucins in a single granule are organized around a number of nodes each attached to 4 to 8 subunits. The organization of the mucins in this manner is consistent with efficient packing of a number of large heavily glycosylated monomers while still permitting their rapid unfolding and hydration. For the first time this provides some insight into how the carbohydrate regions might be organized around the N-and Cterminal globular protein domains within the granule and also explains how the mucin can expand so rapidly upon its release.
Introduction
Mucins are large complex glycoprotein macromolecules that provide the basis of gels protecting the surface epithelia in many multicellular organisms. In humans these macromolecules come in two major kinds, the epithelial or transmembrane mucins characterized by C-terminal domains that attach to cell surface membranes (5) and those termed the gel-forming mucins that are secreted as highly assembled polymeric structures (14) . There are four such molecules, MUC2, MUC5AC, MUC5B and MUC6 and they form the largest glycoproteins in the body (10) . The functions of these molecules are understood in general terms i.e. they form the basic infrastructure of the epithelial protective gels but the mechanisms by which they are made and organized within cells and thereafter released are not understood.
The basis of the polymeric assembly of these large mucin glycoproteins is thought to mimic that of another related glycoprotein called Von Willebrand factor (VWF) protein. This molecule provides a vital role in blood coagulation, and genetic defects known to be associated with it relate to a number of diseases (7) . Both gel-forming mucins and the VWF assemble into their polymeric structures by first dimerising in the endoplasmic reticulum via their C-terminal domains and subsequently multimerising through protein domains in the N-termini. However, whereas the mucin granules are always spheroidal in shape (2) the VWF granules are more generally cigar shaped (20) . A mechanism for The N-terminal assembly process in VWF has recently been described (6) . This mechanism suggests that the assembling molecules may form extended helical structures around which glycosylated protein regions, linked by the C-terminal domains, are organized. Both mucins and the VWF molecules are generally stored in granules that are unpacked upon release from the cell.
However, gel forming mucins though similar in some respects to the VWF, are much larger at their individual subunit level each containing a number of highly glycosylated domains. For instance the MUC5B subunit (Fig. 1A) has five such regions all of which have densely arranged, charged O-linked oligosaccharides. These oligosaccharides are so numerous and organized that the glycosylated peptide cannot be proteolyticaly cleaved even by peptidases as small as trypsin or papain. A MUC5B mucin subunit is about 400-500nm in length and arranged into a linear polymeric form such a structure is many microns in length (fig 1B and C) . We have previously employed electron microcopy to characterize the organization of this structure (9) and in particular used colloidal gold to identify the globular N-and C-terminal domains (Fig 1C) . This data showed very clearly that the colloidal gold was excluded from the glycosylated regions and only bound to these terminal protein domains.
It is difficult to see how such a structure could package around the linear model proposed for the VWF. Indeed the cigar like structure that can often be observed for the packaged VWF is never observed for mucin storage granules, which are always close to spherical in shape. The work of Verdugo et al. on the unpacking and secretion of mucins indicates that upon release in exocytosis these molecules can unfold themselves with great rapidity (17, 18). This secretion process, which requires the exchange of calcium with sodium, suggests that there must be both ready access to the changing cations and also an ability for the packaged protein not only to change its ionic composition but also expand the whole granule structure uniformly in time rather than stepwise from the granule surface edge. In considering the mucin as a polymer Verdugo et al. (17) have suggested that mucins in the granule matrix must be folded in a nonrandom conformation. Polarized microscopy images of partially hydrated mucus granules demonstrate that even at visible wavelengths it is possible to observe the signature of nematic crystalline structures in mucus, that reveal the presence of large scale supramolecular organization (19).
However, the formation and organization of these exceptionally large molecules within the cell and the means and rapidity by which they unpack to form mucus gels is still unclear. MUC5B is a major contributor to normal lung mucus, saliva and cervical mucus and is known to be an important product of the submucosal glands where it can be readily detected in granular form in large clusters of cells. While isolating MUC5B from saliva we found that a small proportion of it had only partially unfolded from its granules. This has permitted the electron microscopy study of the structure of the MUC5B in its unpacking state and allows an approach to the question of how such enormous molecules are packed and how they may unpack into their linear polymeric form. In particular, the images presented here on the early secretion of a MUC5B mucin provide a new model for how mucins are organized in the granule. This topological model would suggest a simple mechanism for fast mucin unfolding and expansion that would permit the observed quick swelling kinetics of newly exocytosed mucus granules.
Material and Methods
Isolation of the mucin from saliva. The intact MUC5B mucin used in this study was isolated from saliva by rate zonal centrifugation using the OptiPrep density gradient. Saliva was collected from an individual healthy male donor. Saliva was stimulated by chewing on Parafilm, and collected into a 50 ml falcon tube on ice. and subjected to CL-2B chromatography to remove an excess of the gold particles. Mucin containing fractions, as assessed by light scattering, were analyzed by EM as described above.
Results
The sedimentation fractionation of the MUC5B is shown in Fig. 2A and where it can be seen as diverse in its mass/size distribution. Our particular focus was a small proportion of very rapidly sedimenting material (fraction 12) and chromatography and physical analysis identifies this material as being between 100-200x10 6 g/mol in mass (Fig. 2B ). Electron microscopy suggested it was composed of recently secreted mucins many of which were still in the process of expansion from their granular form ( Fig. 2C and Fig. 3A ). This may be contrasted with the partially extended form (Fig. 2D and fig. 3B ) and the fully linear extended structures of MUC5B (Fig. 2E, fig. 3C ) more generally seen in the middle (pool II) and top fractions (pool I)
respectively. In their partially expanded form after leaving the granules ( (Fig. 5B) . Again, the colloidal gold is found on the nodes identified at a small number of specific places around the structure.
Discussion
The structure and organization of the mucin stored in the granule has remained something of a mystery. We do know from the work of Verdugo et al. (16) that the granule upon release from the cell undergoes a very rapid expansion ranging from less than 20 msec in the slug to 3 to 6 sec in the mammalian goblet cell granule. Work in polymer physics on condensation and decondensation of polymers has established the physical principles for such a process and yielded a theory that accounts for the swelling kinetics of the gel (8, 12) . In synthetic polymer gels, the relaxation times of volume expansion are inversely correlated with the second power of the linear dimensions of the gel, reflecting the fact that the diffusion of the network is the rate limiting parameter. For large linear polymers, such a process may take many hours. However, exocytic swelling of mucins and other secretory matrixes is much faster (3, 16) . It is the mechanisms underpinning the initial rapidity of this process for the mucins that has remained mysterious.
There are two issues that impact on this problem the first being the structural organization of the mucin polymer itself and the second, the driving forces that expand the mucin granule. We know in general that the mucins are highly charged polymers enriched in both carboxyl and sulphate groups on their numerous oligosaccharides. Within the cell, the granules are stored at low pH (around 6.0) in an ionic background dominated by calcium. Once the secretory pore is formed, calcium starts the process of exchanging to sodium. Because the negative charges of the crosslinked gel are fixed (i.e. cannot move out of the matrix), the mucin functions as a Donnan system (11) where counterion replacement can only take place by Na ions entering the mucin granule.
Exchange of divalent Ca by monovalent counterion Na causes the gel to swell. The swelling is the result of doubling the number of counterions, two Na for each Ca as required by electroneutrality. Increased counterions inside the gel raise the osmotic pressure and water molecules move into the gel, causing swelling. However, the ion exchange process is highly nonlinear and follows the general law of polymer gel phase transition. The rapid transition from a condensed to solvated phase in mucin release exhibits the characteristic features of a critical phenomena but also suggests that it is complemented by a high degree of cooperativity among the mucin divalent Ca binding sites (16) . As found in the heparin matrix of mast cells (3) (a similarly highly negatively charged polysaccharide molecule), a sodium/calcium ion exchange mechanism might trigger the mucus gel phase transition from condensed to solvated phase and drive the post-exocytotic swelling of mucus granules (15, 16) .
It is also known that slight increase of extracellular calcium can drastically slow down swelling of newly released goblet cell granules (17), suggesting that Ca/Na exchange could modulate mucin expansion playing an important role in controlling the rheological properties of mucus (1).
However, in a randomly entangled granular mucin the sole existence of a Donnan drive would not necessarily guarantee its rapid isotropic expansion upon granule release and it is this fact that supports the necessity of the high mucin organization proposed here. Thus, the focus of this paper concerns the topological supramolecular organization of the mucin within the granule and its behavior upon release.
As discussed previously an organization for assembly of the VWF proposes extended helices Our data indicate that a granule might contain around 25-50 dimers and thus we would expect to see a similar number of colloidal gold particles. We do not, it is more like 5 to 12 i.e. the same as the number of nodes and thus we conclude that the nodes are largely accounted for by clusters of interacting N and C terminal domains around which carbohydrate rich protein regions are collected. A diagrammatic representation of this has been given in Fig 6. An important question arises from these results: if the mucin expansion is rapid (in seconds), then why are the compact mucin forms still observed? The full answer to this is not trivial and still under investigation. It would appear that the maturation of the mucin has two parts. The first involves a release and rapid expansion of the granule form that requires the exchange of Ca for Na (16) . Recent data on the VWF D-domains indicate that the binding of calcium is necessary for their interactions which are strong and pH dependant (6) . This is consistent with the notion that the matrix of secretory granules, including goblet and mast cell granules undergo phase transition from condensed to solvated phase upon release from the cell. The process is triggered and driven by Na/Ca exchange (3, 11, 16) . The second part, the unfolding of the expanded form and the establishment of the linear structure is not so well understood. It is not clear if this second unfolding step results from an active enzymatic processing or from the dynamics of low energy interactions present in mucus. In our own work, we have discovered that the small amount of the expanded granule form we isolate is stable and appears to have escaped from some active process. We say this because the purified expanded granule form we show here is stable even in 4M GuHCl (unpublished observation). This is consistent with the possibility that additional bindings other than Ca bonds might be present in the mucin network. There are other factors that must be considered. The linear charge density of individual mucins, involving the modification of the oligosaccharides, may be variable i.e. the organization and number of the carboxyl and sulfate groups is not clear. Variation in these factors could have a profound effect both on the rate of Ca to Na exchange and subsequent granule expansion. It is thus possible that in our experiments we have identified a subgroup of granular forms that mature in size and structure more slowly. The kinetics and control of these complex potential modifications have not been identified and are under investigation.
Thus, in conclusion, we envisage the initial expansion of the carbohydrate-rich regions around the nodes as being enforced by the exchange of calcium with sodium ions. This is a rapid expansion which changes the dimensions of the granule from around 350 nm in diameter to 1000
nm. This initial change in volume happens rapidly and appears to offer access to the terminal globular protein domains in the nodes, which may be modified (perhaps by a proteolytic process), to bring them to their linear conformation (Illustration, fig.6 ). The end result of such a process is the modification of most of the mucins into predominantly linear sequences of different sizes. This model implies that the rate limiting parameter for swelling is not the slow reptational diffusivity of the large mucin polymers such as takes place in synthetic polymer gels (15) , but rather the rapid access of sodium ions into the carbohydrate rich network. This rapid exposure of the dominant highly charged carbohydrate rich regions from Ca to Na ions dramatically increases the Donnan drive and steers mucin hydration. Thus notwithstanding the ion exchange imparted to the driving force it is the ordering of the subunits which enables the rapidity of mucin hydration and the concurrent mucin expansion that make mucus a transportable gel. . This surface method entraps and extends the mucin chain and by using 5nm colloidal gold (white dots) the N-and C-terminal globular protein domains were clearly identified. The molecular distance between the gold is about 500nm which is consistent with the maximal length that a single MUC5B mucin subunit can achieve. Scale bar is 100 nm. happens rapidly and appears to offer access to the terminal globular N-and C-terminal protein domains in the nodes, which may be modified and become dissociated, perhaps by a proteolytic process (lower right), to bring them to their linear conformation (lower left).
